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To modify the ancestral 5'-NGG-3' PAM specificity of Spy Cas9, early and new reports have employed directed evolution (e.g., "VQR", "EQR", and "VRER" variants) and rational design informed by crystal structure (e.g., "QQR" and "NG" variants). [12] [13] [14] [15] These reports focused on the PAM-contacting arginine residues R1333 and R1335 that abolish function when exclusively mutated. While those studies identified compensatory mutations resulting in altered PAM specificity, the Cas9 variants that they produced maintained a guanine preference in at least one position of the PAM sequence for reported in vivo editing. We aimed to lift such GC-content pre-requisites via a custom bioinformatics-driven workflow that mines existing PAM diversity in the Streptococcus genus. Using that workflow we homed in on Smac Cas9 as having the potential to bear novel PAM specificity upon aligning 115 orthologs of Spy Cas9 from UniProt (limited to those with greater than a 70% pairwise BLOSSOM62 score). From the alignment we found Smac Cas9 was one of two close homologs, along with a Streptococcus mutans B112SM-A Cas9 (Smut Cas9), with divergence at both of the positions aligned to the otherwise highly conserved PAM-contacting arginines ( Figure 1A -B; Supplementary Figure S2A ). We thus hypothesized that Smac Cas9 had naturally co-evolved the necessary compensatory mutations to gain new PAM recognition. A small sample size of 13 spacers from its corresponding genome's CRISPR cassette prevented us from confidently inferring the Smac Cas9 PAM in silico. However, the possibility for Smac Cas9 requiring less GC-content in its PAM was supported by sequence similarities to the "QQR" variant that has 5'-NAAG-3' specificity, in addition to the AT-rich putative consensus PAM for phage-originating spacers in CRISPR cassettes associated with highly homologous Smut Cas9, which were identified with the aid of our computational pipeline called SPAMALOT ( Figure 1C ; Supplementary Figure S2B ; Supplementary Figure S3 ). 16 We proceeded to experimentally assay the PAM preferences of several Streptococcus orthologs that change one or both of the critical PAM-contacts. Based on demonstrated examples of the PAM-interaction (PI) domain and guide RNA (gRNA) having cross-compatibility between Cas9 orthologs that are closely related and active, we constructed new variants by rationally exchanging the PI region of catalytically-"dead" Spy Cas9 (Spy dCas9) with those of the selected orthologs (Supplementary Figure S2A -B. 17, 18 Assembled variants, including Spy-mac dCas9, were separately co-transformed into E coli cells, along with guide RNA derived from S. pyogenes and an
8-mer PAM library of uniform base representation in the PAM-SCANR genetic circuit, established by others. 19 The circuit usefully up-regulates a green fluorescent protein (GFP) reporter in proportion to PAM-binding strength. Therefore, we collected the GFP-positive cell populations by flow cytometry and Sanger sequenced them around the site of the PAM to determine position-wise base preferences in a corresponding variant's PAM recognition. Spy-mac dCas9, more so than Spy-mut dCas9, generated a trace profile that was most consistent with guanine-independent PAM recognition, along with a dominant specificity for adenine dinucleotides (Figure 2A ; Supplementary Figure S2C ).
Next, we purified nuclease-active enzymes to continue probing the DNA target recognition potential and uniqueness of Spy-mac Cas9 (Supplementary Figure S4A) . 20, 21 We individually incubated the ribonucleoprotein complex enzymes (composed of Cas9 + crRNA + tracrRNA) with double-stranded target substrates of all 5'/3'-neighboring base combinations at an adenine dinu-cleotide PAM (5'-NAAN-3'; Figure 2B ; Supplementary Table T1) . Brief 16-minute digestion indicated both wild-type Smac Cas9 and the hybrid Spy-mac Cas9 cleaved adjacently to 5'-NAAN-3' motifs more broadly and evenly than the previously reported QQR variant. Spy-mac Cas9 distinguished itself further with rapid DNA-cutting rates that resemble the fast digest kinetics of Spy Cas9 ( Figure 2C-D) . 22 We ran reactions that used varying crRNA spacer lengths and tracrRNA sequence, as the latter differs slightly between the S. macacae and S. pyogenes genomes (Supplementary Figure S4B -E). Neither of these two parameters compensated for the slower cleavage rate of Smac Cas9, but we did notice marginal improvement in the activity of the wild-type form with its native tracrRNA, which comports with the interface of the guide-Cas9 interaction being mostly outside of the PI domain.
To verify that an adenine dsDNA dinucleotide is sufficient for Cas9 PAM recognition and target cleavage, we assembled target sequences that switch the next four downstream bases to the same nucleotide (e.g. 5'-TAAGXXXX-3', for X all fixed to A, C, G, or T; Supplementary Figure   S3F ). We confirmed Spy-mac Cas9 remains active across this target set, albeit with some variation in cutting rate. Additionally, we observed moderate yield of cleaved products on examples of 5'-NBBAA-3', 5'-NABAB-3', 5'-NBABA-3' PAM sequences (where B is the IUPAC symbol for C, G, or T; Supplementary Figure S4G ), revealing an even broader tolerance for increments to the dinucleotide position or adenine adjacency. We anticipate future measurements of guideloading, target-dissociation and R-loop expansion/contraction will provide more insights on the serendipitous catalytic benefit over Smac Cas9 from grafting its PI domain onto a truncated Spy Cas9.
Encouraged by the nucleolytic performance of Spy-mac Cas9, we investigated its capacity for gene modification in human cells (Supplementary Figure S5A) . First, we transfected a human embryonic kidney (HEK293T) cell line with plasmids that encode Smac Cas9 or Spy-mac Cas9, and co-expressed single-guide RNA molecules that target the VEGFA gene locus at sites representing a breadth of 5'-NAAN-3' PAM diversity (Supplementary Table T2 ). Consistent with in vitro observations, we found Spy-mac Cas9 was more efficient than Smac Cas9 at mediating enzymatically-detected (T7 EndonucleaseI) genomic insertion/deletion (indel) mutations. Spymac Cas9 also proved capable of generating indels with variable efficiency on instances of any directly 5'-or 3-neighboring base for 5'-NAAG-3' or 5'-CAAN-3' PAM sequences (Supplementary Figure S5B ). To address sites with low modification rates, we introduced two mutations (R221K and N394K) into Spy-mac Cas9 that can raise gene knock-out percentages and had been previously identified by deep mutational scans of Spy Cas9. 23 We refer to this variant as an "increased" editing Spy-mac Cas9 (iSpy-mac Cas9) due to its similarly elevated modification rates on most targets.
We then benchmarked the gene editing performance of the nucleases derived from Streptococcus macacae Cas9 against orthologs of Cas12a by making use of their common AT-rich PAM specificity. 24, 25 We included Cas12a orthologs known for efficient gene editing from Acidaminococcus sp. BV3L6 (AsCas12) and Lachnospiraceae bacterium ND2006 (LbCas12). 26 Our selection of target sites permits overlapping PAM recognition between these Cas9 and Cas12a nucleases by guiding the Cas12a variants with the reverse complemented spacer sequences of those guiding Cas9 variants ( Figure 3A ). The Cas9 and Cas12a thereby targeted opposite strands, yet were constrained to recognize the same PAM site and preserve important features for guide RNA effectiveness (e.g. distribution of purines/pyrimidines, directionality of target-matching in relation to the PAM, and GC-content; Supplementary Table T2) . 27, 28 We believe this is the first report of Cas12a and Cas9 activity being compared so explicitly on an endogenous genomic locus. For each site we examined, iSpy-mac Cas9 consistently generated a larger indel percentage than either AsCas12a or LbCas12a -never exhibiting less activity than the lower-editing of the two Cas12
proteins -if not generating the largest overall percentage ( Figure 3B ).
Lastly, we selected a window of four nucleotides in the VEGFA locus in a sequence context such that any other reported CRISPR endonuclease capable of gene modificiation would not allow their base editing with a cytidine deaminase-fused enzyme. 29 Note, a Spy-mac Cas9 base editor has a distinct targeting range to implementations that use Cas12a since current base editing methods directly modify the non-target strand and in order to recognize the same PAM site, the two enzyme types must target in opposite orientations; 30, 31 Hence, Cas9 base editing architectures utilize their ability to nick on the guide-pairing target side of the R-loop structure (ribonucleoprotein bound and matched to DNA) to transfer a base edit in a manner that templates from the modified nontarget strand. 32 Accordingly, we co-transfected HEK293T cells with a nickase form of Spy-mac Cas9 derived from the previously reported BE3 architecture for cytosine base editing (Spy-mac nCas9-BE3) and the gRNA plasmid targeting a PAM downstream of the selected nucleotides. 5 We measured robust levels of base editing in harvested cells, which exhibited 20% to 30% cytosine to thymine conversion at these positions ( Figure 3C ). Despite previous reports indicating base editing rates are generally lower than gene modification rates for the same target, we instead noticed a significant gain compared to the indel formation when we used double-strand breaking enzymes for this PAM site. 33 Such discrepancy is likely explained by scaling to more sites for larger gene modification experiments, and possibly from differing codon usage outside of the PI domain. Recent work shows that higher editing rates can be achieved by optimizing such codon selection, nuclear-localization sequences/linkers, protein solubility, delivery methods, and sortable labeling of transfected cells.
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In summary, we have identified a homolog of Spy Cas9 in Streptococcus macacae with native 5'-NAAN-3' PAM specificity. By leveraging the substantial background in the development and characterization of Spy Cas9, we engineered variants of Smac Cas9 that maintain its minimal adenine dinucleotide PAM specificity and achieve suitable activity for mediating edits on chromosomes in human cells. 38 This finding sets the path for engineering enzymes like Spy-mac Cas9 with other desirable properties, control points, effectors, and activities. 
